The retroviral oncoprotein Tax from Human T cell leukemia virus type 1 (HTLV-1), an etiological factor that causes adult T cell leukemia and lymphoma, plays a crucial role in initiating T lymphocyte transformation by inducing oncogenic signaling activation. We here report that Tax is a determining factor for dysregulation of autophagy in HTLV-1-transformed T cells and Taximmortalized CD4 memory T cells. Tax facilitated autophagic process by activating IκB kinase complex, which subsequently recruited an autophagy molecular complex containing Beclin1 and Bif-1 to the lipid raft microdomains. Tax engaged a crosstalk between IκB kinase complex and autophagic molecule complex by directly interacting with both complexes, promoting assembly of LC3+ autophagosomes. Moreover, expression of lipid raft-targeted Bif-1 or Beclin1 was sufficient to induce formation of LC3+ autophagosomes, suggesting that Tax recruitment of autophagic molecules to lipid rafts is a dominant strategy to deregulate autophagy in the context of HTLV-1 transformation of T cells. Furthermore, depletion of autophagy molecules such as Beclin1 and PI3 kinase class III resulted in impaired growth of HTLV-1-transformed T cells, indicating a critical role of Tax-deregulated autophagy in promoting survival and transformation of virally infected T cells.
Introduction
Human T cell leukemia virus type 1 (HTLV-1) is the etiological factor that causes adult T cell leukemia and lymphoma (ATL). The HTLV-1 viral genome-encoded oncoprotein, Tax, plays a pivotal role for promoting viral replication and initiating malignant transformation of CD4+ T lymphocytes. Tax deregulates various oncogenic signaling including IκB kinase (IKK)/NF-κB, STAT3 and PI3KC1/Akt for aberrant proliferation of infected T cells [1] [2] [3] [4] [5] [6] . Notably, the constitutive activity of NF-κB is thought to be a prerequisite for induction of ATL. Tax activates NF-κB by stimulating the activity of the IKK complex, the key regulator of NF-κB signaling 1, [7] [8] [9] . The IKK complex is composed of two highly homologous catalytic subunits, IKKα and IKKβ, and a regulatory subunit, IKKγ [10] [11] [12] . The IKK complex can be activated by divergent upstream kinases that connect it to signals from cell surface receptors such as T cell receptor (TCR) [13] [14] [15] [16] [17] [18] [19] . Upon T cell activation, IκB kinases are recruited to the plasma membrane lipid raft microdomains where they become catalytically active. This detergent-resistant membrane structure is enriched with cholesterol and sphingolipids, which are generated in the Golgi and can be recycled from the Golgi to the plasma membrane 20 . These unique membrane structures serve as crucial signal transduction platform. Distinct from TCR activation, Tax bypasses upstream kinases to target the IKK complex through direct interaction with IKKγ 1, 21 , recruiting this kinase complex to the lipid raft microdomains for activation 22 .
The IKK complex has been implicated in playing an important role in starvation-or rapamycin-induced autophagy 23 , though the underlying mechanism remains to be determined. Autophagy is a catabolic process and is evolutionarily conserved among living organisms 24, 25 . In response to metabolic stress, autophagosomes form and sequester aggregated cellular proteins and organelles, which are subsequently degraded through their fusion with lysosomes to generate autolysosomes. This process generates energy for the need of metabolically stressed cells and hence, the primary function of autophagy is prosurvival. Although the role of autophagy in oncogenesis remains controversial, it is known that autophagy contributes to chemotherapy resistance due to its cytoprotective function 26 . Furthermore, autophagy is necessary for certain tumorigenic viruses for their productive replication and induction of oncogenesis [27] [28] [29] [30] . Hepatitis C virus (HCV)-induced autophagy promotes initiation of viral infection 31 , and inhibition of autophagy represses HCV replication 32 . Latent membrane protein 1 (LMP1), an oncogene product from Epstein-Barr virus (EBV), induces early or late stage autophagy depending on its expression levels 33 . Inhibition of autophagy in EBV-infected cells suppresses transforming phenotypes resulting from accumulation of LMP1. Further, the oncogenic X protein from Hepatitis B Virus (HBV) sensitizes cells to starvation-induced autophagy by increasing Beclin1 (BECN1) expression 34 .
The autophagic process is regulated by a variety of oncogenic signaling pathways [35] [36] [37] [38] . Given the evidence that HTLV-1 mediates oncogenic activation, it is conceivable that HTLV-1 may deregulate autophagy for its own benefits in viral oncogenesis. In our previous reports, we identified a novel feature of HTLV-1 Tax in dysregulation of autophagy 22 , and examined the role of HTLV-2 Tax-deregulated autophagy in supporting survival of Tax2-immortalized, human memory CD4+ T cells 39 . In the present study, we investigated the underlying mechanism of HTLV-1 Tax in deregulating autophagy in human T lymphocytes. Our data demonstrated that Tax deregulates autophagy by connecting the IKK complex to autophagy pathways in a unique mechanism that involves lipid raft recruitment of IκB kinases and autophagic molecular complexes. We further showed that Tax-deregulated autophagy is crucial for survival and proliferation of HTLV-1-transformed T cells.
Results

Tax deregulates autophagy in HTLV-1-transformed T cells
During the process of autophagy, LC3 is lipidated, resulting in a mobility shift from LC3-I to -II. The latter is associated with the autophagosome, which can be visualized by fluorescence imaging. Using these techniques, we evaluated the basal activity of autophagy in HTLV-1-transformed T cell lines including MT-1, MT-2 and HUT102. We observed high levels of LC3-II in MT-2 and HUT102, but not in non-HTLV-1-infected T cell line, Jurkat ( Figure 1a ). MT-1 cells expressed very low levels of both LC3-I and LC3-II (Figure 1a ), indicating that these cells had a low basal activity of autophagy. Accumulation of LC3-II was observed in MT-1 cells and Jurkat T cells that were treated with niclosamide ( Figure  1b) , an inhibitor of mammalian target of rapamycin (mTOR) complex 40 , which suggested that the autophagy pathway remained responsive to mTOR inhibition in these cells.
MT-2 and HUT102 cells are known to express Tax. Indeed, both MT-2 and HUT102 cells expressed two forms of Tax, a predominant form of the p68 Env-Tax chimeric protein and a minor form, the wild type p40Tax, whereas MT-1 cells did not express Tax (Figure 1c) . Therefore, we reasoned that Tax might be a causative factor for induction of autophagy in HTLV-1-transformed T cells. To test this possibility, Tax was co-expressed with GFP-LC3 in an autophagy cell model, HeLa cells. The cytoplasmic GFP-LC3 punctate dots reminiscent of autophagosome foci were seen in Tax-expressing cells, whereas the GFP-LC3 fluorescence appeared to distribute evenly in vector-transfected cells (Figure 1d ). At least a 5-fold increase of autophagic cells was detected in Tax-transfected cells as compared to the vector-transfected cells (Figure 1e ). Tax also induced formation of p40phox-GFP aggregates with roughly 5-fold increase as compared to the vector-transfected cells ( Figure  1f and 1g ). This indicated that PI3 kinase class III (PI3KC3), a key autophagy mediator, was activated by Tax. Depletion of Tax via lentivirus transduction of Tax shRNAs impaired conversion of LC3-I to LC3-II (Figure 1g ), and resulted in growth arrest of HTLV-1-transformed MT-2 T cells (Figure 1h ). The p68Tax knockdown efficiency was shown in Figure 1h , and the wild type p40Tax in MT-2 cells was easily depleted by Tax shRNAs because it was expressed at a much lower level than p68Tax (Figure 1c) . Similarly, in SLB-1 cells that only expressed the p40Tax protein, knockdown of Tax resulted in reduction of LC3-II and impaired growth (Figure 1i ). Taken together, these results indicated that Tax is the determining factor for formation of increased LC3+ autophagosomes in HTLV-1-transformed T cells.
Tax promotes constitutive autophagy in human CD4 memory T cells
We next determined if Tax plays an essential role in deregulating autophagy in primary human T cells. Two Tax-expressing, human primary T cell lines, PTX4-1 and PL9-1, were established by stable expression of the Tax-GFP fusion protein via lentivirus transduction in human peripheral blood lymphocytes obtained from two healthy donors. These two cell lines exhibited a CD3+/TCRαβ+/CD4+/CD25+/CD45RO+/CD69+ immunophenotype, indicating that they were activated memory CD4+ T lymphocytes (Figure 2a ). Surface expression of TCRαβ was slightly down-regulated in these cells (Figure 2a ). Constitutive activation of various oncogenic signaling molecules including NF-κB, STAT3, AP-1 and NF-ATc were detected in Tax-GFP-established T cell lines (Figure 2b ). Compared to primary human CD4+ T cells, significant accumulation of LC3-II was detected in PTX4-1 and PL9-1 cells, indicating that a constitutive, high level of autophagic activity occurred in Tax-established primary T cells (Figure 2c ).
Tax deregulates autophagy via the IKK complex
HTLV-1-transformed T cells express constitutively activated PI3KC1/Akt and IKK/NF-κB signaling molecules 7 . Previous studies indicated that these two signaling pathways exhibit opposing activities in regulating autophagy 5 . Although non-Tax-expressing MT-1 cells exhibited a slightly increased NF-κB activity, much higher levels of NF-κB activity were seen in MT-2, SLB-1 and HUT102 cells 41 , which correlated with expression of Tax and high levels of autophagic activity in these cells. These results suggested that Tax could utilize an IκB kinase-dependent cellular mechanism that potentially overpowers Aktmediated inhibition of autophagy, thereby facilitating autophagic process.
To investigate the notion that the activation of IKK is required for the Tax-deregulated autophagy, we generated Tax-GFP and its variant forms, M22-GFP and M47-GFP. M22 is defective in activating IKK while maintaining its ability to activate CREB 42 . In contrast, M47 is unable to activate CREB but maintains the capacity to induce full-scale activation of IKK 42 . We found that Tax and M47 induced NF-κB activity whereas M22 did not ( Figure  3a) . The subcellular distributions of Tax and its mutants also differed. Tax-GFP was distributed in both the nucleus and the cytoplasm with a perinuclear cluster pattern in transfected HT1080 autophagy model cells (Figure 3b ), and this subcellular distribution pattern was similar to that seen in HTLV-1-transformed T cells 43 . M22-GFP lost the perinuclear cluster pattern and was expressed in the nucleus and the cytoplasm, whereas M47-GFP was expressed predominantly in the perinuclear clusters ( Figure 3b ). When cotransfected with mKate2-LC3, a far-red, monomeric protein mKate2-tagged LC3, Tax-GFP or M47-GFP induced formation of the cytoplasmic mKate2-LC3 foci, while M22-GFP failed to do so ( Figure 3c ). Consistent with this finding, IKKβ KA , a constitutively active form of IKKβ, induced formation of LC3+ foci (Figure 3c ). Similar to the results from Tax mutants, IKKβ KA , but not IKKβ KM (a kinase mutant form of IKKβ), induced formation of LC3+ foci in HT1080 cells (Figure 3d ). In addition, depletion of the catalytic subunits of the IKK complex, IKKα or IKKβ, led to reduced conversion of LC3-I to LC3-II in HTLV-1-transformed MT-2 cells (Figure 3e ). Further, knockdown of IKKγ, the essential regulatory subunit of the IKK complex, caused reduction of the LC3-II level (Figure 3f ). Together, these results strongly suggest a crucial role of the IKK complex in Tax-deregulated autophagy.
Tax recruits the autophagic molecular complex to lipid rafts through IKK
Our previous study showed that Tax associated with the lipid raft microdomains, hijacking the IKK complex to lipid rafts for activation 22 . We reasoned that Tax might be able to direct lipid raft translocation of the autophagy molecules for their activation through the IKK complex. To test this possibility, we performed lipid raft fractionation analysis. BECN1 and Bif-1 are two key molecules that are involved in the initiation of vesicular nucleation during formation of autophagosomes 44 . We found that Bif-1 and BECN1, together with IKK and Tax, were constitutively present in the lipid raft fraction in Tax We next verified the role of Tax in directing the lipid raft translocation of BECN1 and Bif-1. In Tax-GFP-transfected cells, the autophagic molecules including BECN1 and Bif-1 were detected in the lipid raft fraction, whereas these molecules remained in the soluble fractions in GFP-or M22-GFP-transfected cells (Figure 5a ). To validate the involvement of the IKK complex in Tax recruitment of BECN1 and Bif-1, we generated IKKα-, IKKβ-or IKKγ-depleted cells (Figure 5b ), followed by transfection of Tax into these modified cells. We observed that depletion of IKKα, IKKβ or IKKγ impaired lipid raft translocation of BECN1 and Bif-1 by Tax (Figure 5c , 5d and 5e), whereas Tax was able to direct lipid raft translocation of BECN1 in the control cells transfected with Tax (Figure 5f ). We also found that Tax failed to translocate into the lipid raft fractions in IKKγ-depleted HEK293 cells (Figure 5e ), suggesting a crucial role of IKKγ in assisting lipid raft association of Tax.
To investigate further the role of IKK in autophagy induction, we generated lipid rafttargeted IKKβ (Myr-IKKβ) and its kinase mutant form, Myr-IKKβ KM , as depicted in Figure  5g . Myr-IKKβ is catalytically active, whereas Myr-IKKβ KM is not, as demonstrated by their abilities in activating NF-κB (data not shown). Myr-IKKβ, but not Myr-IKKβ KM , induced lipid raft translocation of BECN1 and Bif-1 (Figure 5h ). Expression of Myr-IKKβ, but not Myr-IKKβ KM , induced formation of LC3+ autophagosomes in transfected HeLa cells (Figure 5i ). In contrast, Myr-IKKα failed to recruit BECN1 and Bif-1 into lipid rafts (Figure 5j) but it was still able to induce formation of LC3+ cytoplasmic puncta (Figure 5k ). These data, therefore, validated an important role of the IKK complex in Tax-mediated recruitment of the autophagy molecules to lipid rafts for induction of autophagy. In addition, our results showed that although both IKKα and IKKβ mediate autophagy, these kinases act in their distinct modes in regulating autophagic processes.
The cytoplasmic, lipid raft-associated Tax induces formation of autophagosome
Tax is a biphasic protein, shuttling between the nucleus and the cytoplasm to mediate distinct cytoplasmic and nuclear functions. To exclude the involvement of the nuclear Tax protein, we constructed a lipid raft-targeted Tax, Myr-Tax, as depicted in Figure 6a . We found that this modified Tax protein was exclusively associated with lipid rafts (data not shown), and was able to increase NF-κB activity at least 5-fold over the vector control, though it was less potent than the wild type p40Tax (Figure 6b ). The less potent activity of Myr-Tax in activating NF-κB might be caused by different protein processing from p40Tax. Unlike the wild type Tax, Myr-Tax failed to activate HTLV-1LTR (Figure 6c ), though both p40Tax and Myr-Tax were expressed at comparable levels (Figure 6d ). Tax-mKate2 colocalized with GFP-LC3 to form the cytoplasmic LC3+ foci, while Myr-Tax-mKate2 did not apparently co-localize with GFP-LC3 but was able to induce dramatic cytoplasmic LC3+ puncta (Figure 6e) , thereby supporting the notion that the cytoplasmic Tax deregulates autophagy via activation of the IKK complex.
Lipid raft targeting of BECN1 or Bif-1 is sufficient to increase LC3+ autophagosomes
In Tax-expressing T cells, Bif-1 and BECN1 were constitutively present in lipid rafts ( Figure 4 ). Similar phenotypes were observed in Tax-transiently transfected cells. To test the idea whether the lipid raft-associated Bif-1 or BECN1 is capable of promoting autophagy, we constructed Myr-Bif-1 and Myr-BECN1 as depicted in Figure 7a . Both Wild type Bif-1 and BECN1 were mainly localized in the soluble fractions (Figure 5a ), and as expected, both Myr-Bif-1 and Myr-BECN1 accumulated in the lipid raft fractions (Figure 7a) . Surprisingly, expression of Myr-Bif-1 or Myr-BECN1 alone significantly increased LC3+ autophagosomes (Figure 7b and 7c ).
Tax interacts with the autophagy molecular complex containing BECN1 and PI3KC3
To understand the mechanistic nature of Tax-mediated autophagy, we examined a possible physical interaction between Tax and autophagic molecular complex. In co-transfected 293 cells, Tax was strongly co-precipitated with BECN1 and PI3KC3, but not UVRAG ( Figure  8a ). The Tax-BECN1 interaction was readily detected in Tax-immortalized T cells ( Figure  8b ). Tax apparently interacted with the domain situated at the amino acid sequence of BECN1 between aa250-aa300, as BECN1ΔN250 was still co-precipitated with Tax whereas BECN1ΔN300 was not (Figure 8c ). The strength of physical interaction between Tax and BECN1 was comparable to that between Tax and IKKγ (Figure 8c) . We further showed that depletion of Beclin1 with lentivirus transduction of specific shRNAs led to significant reduction of cell viability of MT-2 cells (Figure 8d) . Similarly, depletion of PI3KC3 in SLB-1 cells resulted in growth retardation (Figure 8e) . Together, these results validated a crucial role of Tax in dysregulation of autophagy. Tax-mediated autophagy functioned as pro-survival machinery in HTLV-1-infected T cells.
Discussion
In the present study, we demonstrated that increased autophagic activity occurs spontaneously in HTLV-1-transformed T cells. The viral oncoprotein Tax is the determining factor for dysregulation of autophagy in HTLV-1-transformed T cells and in Tax-immortalized CD4 memory T cells. Disruption of autophagic pathways results in growth retardation of HTLV-1-transformed T cells, thereby implicating a critical role of autophagy in promoting T cell survival and malignant transformation.
Both PI3KC1/Akt and IKK are activated in HTLV-1-transformed T cells, however, these two kinases have been reported to exhibit opposing activities in regulating autophagy 23, 36 . The overall outcome is in favor of autophagosome induction in HTLV-1-transformed T cells expressing the viral oncoprotein Tax. Similarly, TCR engagement results in activation of IKK and PI3KC1/Akt, and promotes autophagic process, causing T cell expansion 45, 46 . Our findings strongly suggest that autophagy is beneficial for the retrovirus-mediated oncogenesis by providing crucial survival machinery to HTLV-1-transformed T cells. Dysregulation of autophagy can occur during the process of tumorigenesis in a variety of human cancers in addition to virus-mediated oncogenesis [47] [48] [49] . Tumor growth typically exceeds the rate of angiogenesis during the early stages of malignancy, causing the center of tumor to experience constant hypoxic and metabolic stresses. These stress signals trigger autophagy-mediated survival machinery in cancer cells 50 . In addition, induction of autophagy by chemotherapeutic agent may contribute to the resistance of cancer cells to therapy 51, 52 . Indeed, cancer chemotherapy in conjunction with an inhibitor of autophagy results in an improved therapeutic efficacy 51 , supporting a pro-survival role of autophagy for cancer cells. During the progression of cancer, activation of PI3KC1 and loss of autophagy mediators causes defective autophagy 53, 54 . Defects in both autophagy and apoptosis result in necrotic cell death in metabolically stressed tumor regions, leading to an inflammatory response, DNA damage and consequent tumor progression. In the context of HTLV-1-induced malignant transformation of T cells, Tax is required for initiating T cell transformation since HTLV-1 infectious clone with lack of the tax gene has no transforming activity on T cells 55, 56 . The finding that Tax expression is lost in roughly 50% of ATL cases suggests that Tax is no longer required at the late stage of leukemia. Accumulation of multiple oncogenic events is likely to replace Tax's functions in advanced disease. Intriguingly, loss of the beclin1 or bif1 gene showed hyper-proliferative and increased incidence of lymphoma and other malignancies in mice 44 . Heterozygous loss of beclin1 is present in some types of human cancer 57 . This may be attributable to the function of autophagy in limiting genome damage. Therefore, it is possible that a much lower autophagic activity in advanced ATL that lacks Tax expression could further enhance genome instability and accumulation of mutant cellular oncoproteins, thereby facilitating cancer progression.
Tax deregulates autophagy by increasing formation of autophagosomes, and some of them can reach the stage of autolysosome. This conclusion is supported by several experimental findings. When co-transfected with the acid-sensitive GFP-LC3, a majority of the Tax protein was found to co-localize with GFP-LC3 in the cytoplasmic puncta (Figure 6e ), suggesting that Tax directly participated in the assembly of autophagosomes. However, Tax only partially co-localized with the cytoplasmic mKate2-LC3 red puncta (Figure 3c ), which represents both autophagosomes and autolysosomes since mKate2 is acid-stable. Furthermore, Tax induced aggregation of p40phox-GFP, the substrate of PI3KC3, suggesting that this viral protein increases autophagic influx. A recent report showed that Tax increases autophagosomes by blocking fusion of autophagosomes with lysosomes. This process is IκB kinase-dependent 58 . Although the underlying mechanism of this action is presently unclear, it was suggested that the increased autophagosomes are beneficial for supporting HTLV-1 replication by preventing the Tax protein from degradation in lysosome 58 . Our study showed that Tax physically interacted with the autophagy molecular complex of Beclin1-PI3KC3 and participated in the assembly of the LC3+ autophagosomes. This process was dependent on the activity of the IKK complex. IκB kinases have been reported to play crucial roles in starvation and rapamycin-mediated autophagy, leading to the completion of the autophagic process. Recent reports further demonstrated a crosstalk between Beclin1 and the components of NF-κB signaling pathway, and autophagy induction may be necessary for activation of IκB kinases 59 .
Our study demonstrated that Tax-deregulated autophagy was involved in the lipid raft recruitment of the autophagic molecular complex containing Beclin1 and Bif-1 and that this action was also dependent on the activity of IκB kinases. Similarly, the viral LMP1 protein from EBV associates with the lipid raft microdomains to activate NF-κB, and it also induces autophagy 33, 60 . However it is currently not clear if the lipid raft microdomain is involved in the LMP1-mediated autophagic process. The involvement of lipid raft association of the autophagy molecules in regulating autophagy has not been previously reported. Although the autophagy molecule LC3B is found to complex with Fas in lipid rafts to activate extrinsic apoptosis in cigarette smoke-induced emphysema 61 , the role of lipid raftassociated autophagy mediators for induction of autophagy is presently not known. In the context of Tax-mediated oncogenesis, the following scenario may occur. Tax may utilize lipid rafts as a signaling platform to recruit both IκB kinases and autophagy molecules into this structure for activating both NF-κB and autophagy pathways. The lipid raft-associated autophagy molecules such as Beclin1 and Bif-1 gain their activity to facilitate the processes of autophagy and Tax-mediated oncogenesis. It is important to investigate further the role of lipid raft-associated Beclin1 and Bif-1 in HTLV-1-associated diseases.
Materials and Methods
Cell lines, antibodies and chemicals
MT-2 cell line was obtained from AIDS research and reference reagent program. HT1080 and Jurkat cell lines were from ATCC. HUT102 and MT-1 cells were described previously 62, 63 . Antibodies for IKKα, IKKβ and IKKγ were purchased from IMGENEX (San Diego CA). Antibodies for LAT, ERK1, BECN1, HA, GST and GFP were from Santa Cruz Biotechnology (Dallas, Texas), anti-LC3 from Cell Signaling (Danvers, MA), and antibeta-actin and -FLAG from Sigma (St. Louis, MO). Monoclonal anti-Tax antibody was obtained from AIDS reagent program. Niclosamide was purchased from Sigma.
Lentivirus vector, viral production and transduction of primary CD4 T cells
The full-length tax cDNA from HTLV-1 was fused with enhanced green fluorescence protein (GFP), and the tax-gfp fusion fragment was cloned into the lentivirus vector pLCEF8 22 , in which the human elongation factor 1 alpha promoter drives expression of Tax-GFP. The procedure for lentiviral production and concentration was described previously 64 . Human peripheral blood lymphocytes were isolated from healthy blood donors, and stimulated with PHA (1μg/ml) for 24 hours, followed by adding recombinant IL-2 (100u/ml). The activated lymphocytes were cultured for 5-7 days, and the CD4+ cells were enriched by sorting with anti-CD4 magnetic beads (Invitrogen, Grand Island, NY). The purified CD4 T cells were then transduced with the lentivirus carrying the tax-gfp expression cassette. The transduced cells were cultured continuously in complete media containing 20% fetal bovine serum and 100u/ml of recombinant IL-2 (AIDS Reagent Program). Two Taxestablished T cell lines, PTX4-1 and PL9-1, were developed.
Immunophenotype analysis, electrophoretic mobility gel shift assay (EMSA) and lipid raft fractionation assay
Tax-immortalized T cell lines were stained with allophycocyanin (APC) conjugated antibodies that included anti-CD3, -CD4, -CD25, -TCRαβ, -CD45RO and -CD69 (eBioscience, San Diego, CA) according to the manufacturer's instructions. The stained cells were subjected for FACS analysis.
Nuclear extracts were prepared from various T cell lines using NE-PER nuclear and cytoplasmic extraction reagents (Pierce, Rockford, IL). The oligonucleotide was 5′-end labeled with biotin (Integrated DNA Technologies, Coralville, Iowa) and annealed to its complementary strand. The probe sequences are reported previously 39 , and the binding activities were examined by EMSA using Light Shift Chemiluminescent EMSA Kit (Pierce).
The lipid raft fractionation assay was performed with density gradient ultracentrifugation using a method described previously 22 .
Plasmids, site-directed mutagenesis, immunoblot, co-immunoprecipitation and GST pulldown assay
The plasmids for FLAG-BECN1, FLAG-UVRAG, FLAG-PI3KC3, Bif-1-myc and GFP-LC3B were reported previously 44 , and the BECN1ΔN250 and ΔN300 were generated using a PCR-based mutagenesis method. The myristoylation signal from human Lck was fused to the N-terminus of the full-length of IKKβ to generate a myristoylated IKKβ, Myr-IKKβ. The Myr-IKKβ KM (K44M) kinase mutant was constructed using PCR-based site directed mutagenesis method. Myr-Tax, Myr-BECN1 and Myr-Bif1 were generated by adding the Lck myristoylation signal to the N-termini of their corresponding cDNAs. The Tax shRNAs were constructed in the lentivirus vector. Lentivirus vector shRNAs specific for IKKα, IKKβ and BECN1 were described previously 22, 39 . Lentivirus vectors expressing IKKγ-, BECN1-and PI3KC3-specific shRNAs were purchased from Open Biosystems (Pittsburgh, PA). The co-immunoprecipitation and GST pulldown assays were performed using the methods described previously 22 .
Fluorescence imaging and autophagy assay
To construct fluorescence protein tagged proteins, mWasabi encoding a monomeric green fluorescent protein 65 , or mKate2 encoding a monomeric far red fluorescent protein 66 , was amplified from pTEC15 or pTEC20 (kindly provided by Lalita Ramakrishnan, Addgene plasmid 30174 or 30179 respectively) and was fused into the N-terminus of LC3 PCR fragment to generate mKate2-LC3, which was cloned in the mammalian expression vector pEF2. The mKate2 PCR fragment was fused to the C-terminus of Tax to generate TaxmKate2. Transient co-transfection was performed in HT1080 and HeLa cells using FuGeneHD transfection reagent (Roche, Branford, CT). 48 hours post-transfection, the cells were fixed in 4% formaldehyde-PBS and mounted with DAPI. Fluorescent images were taken using an OLYMPUS IX81 deconvolution microscope and analyzed using SlideBook 5.0 software (Intelligent Imaging Innovations). For immunofluorescence staining, cells were fixed in 4% paraformaldehyde-PBS, blocked in 3% horse serum-PBS, stained with the indicated primary antibodies overnight at 4°C followed by incubation with fluorescent conjugated secondary antibodies and then mounted with DAPI (Invitrogen). Oncogene. Author manuscript; available in PMC 2015 July 15.
exclusion assay was performed to examine cell viability of MT-2 cells transduced with a non-specific shRNA (NS), and Tax-specific shRNA1 and shRNA2 via lentivirus transduction. * (p < 0.05) and ** (p < 0.01), as determined by Student's t-test, indicate cell viability differences in Tax Human primary CD4+ T cells, which were used as control, were isolated from healthy donor using anti-CD4 conjugated magnetic beads, and stimulated with PHA (1μg/ml) for 1 day, followed by adding IL-2 (100u/ml, every other day) for 2 weeks. (c) Anti-LC3 immunoblot to examine the conversion of LC3-I to LC3-II and Tax expression in Tax-GFP-established T cell lines, PTX4-1 and PL9-1. Oncogene. Author manuscript; available in PMC 2015 July 15.
